The use of coal and coal-derived fuels in com bustion gas turbines is being aggressively pursued.
An instrument has been developed to provide a real-time measure of the loading of particles entrained in the products of combustion of these fuels. The unit is a self compensating, two color transmissometer which meas ures the obscuration of a laser beam due to the scattering of light by particles along the path of the beam.
The transmissometer consists of, a HeNe laser (632. 8 nm) and a HeCd laser (441.6 nm), detec tors, and data acquisition/control electronics. Utilizing windows appropriately placed in the prod ucts of combustion stream, the transmissometer has a time resolution of about 1 second and a sensitivity of about 0.1 percent. The highly colli mated laser light beam is ideal for making an optical measurement across a large region with small optical access ports.
Transmission measure ments can be used to determine the median size and the concentration of entrained particles and to notate real physical events, such as the manipula tion of a valve, the rotation of a stirrer or a feed screw (Deirmendjian, 1960; Hodkinson, 1966) . However, outside a clean laboratory environment, accurate measurements are complicated by the effects of temperature and humidity and the requirement of remote operation. Also, hot, high pressure gases in the process stream distort light beams with turbulent refractive index gradients causing spatial variations and divergence in the intensity profile of the beam. In response to the conditions imposed by the hostile environment, a self-compensating, one-color laser transmissometer was designed and built to measure particulate loading in coal gasification and combustion streams (Woodruff, 1984) .
The one-color transmissometer operated successfully in the hostile environment but analysis of the transmission data still required the mean particle size r of the particles as input to get a mass loading vaTue.
A two-color laser transmissometer can, for small particle size distributions (r <SA.), deter mine both the median particle size aWd-particle concentration.
Since the light attenuation is wavelength dependent due to Mie and Rayleigh scattering, it follows that, if the transmission measurement was made at two sufficiently separated wavelengths, the set of two independent equations would uniquely determine both the mean particle size and particle concentration.
Thus, a two-color laser transmissometer was designed and constructed utilizing a HeNe laser and a HeCd laser with a common beam path and optics but independent detectors for each wavelength. This paper will discuss the two-color transmissometer.
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TRANSMISSOMETER DESCRIPTION
The transmissometer system is composed of a transmitter and a receiver coupled by an optical fiber and interfaced to a computer through an amplifier control unit.
An illustration of the system is presented in Figure 1 . In making a two color transmission measurement, it is necessary for the two light beams to traverse the same sampling space such that they interact with the same set of particles. The intensity of this beam is I and is related to the intensity of the reference I 9 by a factor determined by the qualities of the bgam splitter and various optical components, including the length and type of optical fiber used to carry the reference beam to the detector. The portion of the beam which exits the process stream through the exit optical port has an intensity I. The reduc tion in beam intensity from I at the entrance of the process stream to I at thg exit of the process stream is due to several factors. They include reflection at the window surfaces, absorption by process stream gases, and scattering by particles entrained in the process stream. An illustration of the attenuation of the beam as it traverses the process stream is presented in Figure 2 . Intensity losses, due to scattering from window surfaces, can be determined during the initial setup of the sys tem prior to the introduction of the process stream into the pipe. Absorption by gases does not repre sent a significant loss for products of combustion and can be compensated for in the application to gasification and oil shale process streams. This compensation requires knowledge of the absorption Process Stream Optical Characteristics characteristics of the gas and the concentration of gas within the process stream. The remaining attenu ation factor, particle scattering, is the parameter to be measured. The transmitter unit (see Figure 3 ) combines two lasers for a highly collimated, two-wavelength light beam as the source I . One laser is a two-milliwatt, polarized, HeNe lase� operating at 633 nm and the other is a three-milliwatt, unpolarized, HeCd laser operating at 442 nm. The two lasers are mounted in fixed-parallel positions on an aluminum plate. The HeNe laser beam passes through a partially polarizing beamsplitter and onto the output mirror for the inci dent beam I .
The beamsplitter deflects a fraction of the HeNe 0 beam I' through a lens to an optical fiber bundle for t�ansmission to the receiver. The fraction of HeNe light deflected is controlled by rotating the HeNe laser housing since the laser is polarized and the beamsplitter is polarization dependent. The HeCd laser beam uses a two mirror periscope to steer the beam through a thin film polarizer and into the partially polarizing beam splitter. Rotation of the polarizer controls the ratio of 442 nm HeCd laser light being transmitted and deflected in the beamsplitter as does rotating the HeNe laser. The HeCd laser beam is aligned on the beamsplitter such that its transmitted fraction exits collinear with the HeNe laser deflected beam I' to the optical fiber and the HeCd deflected beam is c8llinear with the exiting HeNe transmitted beam I . The com bined beam I is steered into the proces� stream with a motorized gicrometer driven mirror which gives remote alignment capabilities. The receiver unit (see Figure 4 ) uses a 10.0 cm diameter optical integrating sphere as a light col lection device.
The combined light beam I (I attenuated by the process stream) or I' (tran�mitted from the fiber optic) enters the spherg through a 1.9 cm diameter entrance port. At right angles on the sphere to the entrance port are two 1.9 cm diameter exit ports each fitted with a photodiode and either a 442 nm or a 633 nm optical interference line filter. The optical integrating sphere's illumination of the exit ports is independent of the angular or spatial light distribution at the entrance port and is only dependent on the total intensity entering the sphere. This property integrates out the effects of the refractive index turbulence in the process stream.
The light entering the integrating sphere is controlled by a modified, two-blade, mirrored chopper. One blade of the chopper has been coated with "Ultra Flat" black paint to enable the chopper to admit three phases of light into the inte grating sphere.
During
) , ., The amplifier, controller, power-supply assembly is positioned next to the transmitter and receiver and contains the laser, chopper and micro meter power supplies, photodiode amplifiers, digi tal controller system, and ambient temperature monitor. A 350 foot, 15-pair cable connects this unit to the computer. The power supplies are the commercial units which came with their devices. The laser supplies are computer controlled for power and the chopper TTL phase signal is trans mitted to the computer. The micrometer power supply is interfaced via four input and two output TTL signals to control the two motorized micro meters. The six photodiode amplifiers each have in addition to an analog output signal, an analog input signal for zero offset and two TTL input lines to set gain at xl, xlO, or xlOO.
One addi tional analog output line relays the remote site temperature to the computer.
The primary component of the computer control system is a computer with 128K RAM, dual-disk drive and monitor.
Interface cards include a timer card and a 16 channel, 12-bit resolution A/D card, an 8-channel, 8-bit D/A card, and a 32-bit digital I/O card.
These components comprise a very versa tile laboratory monitor and control system. The software used for data acquisition and control was written in BASIC with machine language subroutines. The computer interface card's cables go to a con trol box which provides amplifier power and relays signals on the 350 foot cables to the transmisso meter.
The control box also provides for outputs to a two-pen chart recorder and supplies signals suitable for setting up the system and debugging problems.
The transmissometer system obtains simultane ous data points every five seconds for each wave length, graphically displays the data points on the monitor, and outputs the data to a two-pen recorder.
Each data point includes a measurement of I, I � , and BKG averaged over 1. 6 sec (10 cycles of the chopper) for each wavelength. During each quadrant of the chopper cycle, the computer reads and sums each photodiode alternately 100 times.
Over 10 full-chopper cycles, I' and BKG each are read 1,000 times and I is rgad 2,000 times for each wavelength.
The maximum sums for I of 8,182,000
and I' and BKG of 4,096,000 imply signal to noise limit� of 1 part in 2,800 for I and 1 part in 2,000 for I' and BKG if only statistical noise is considered.0 The values of I' and BKG give a con stant update of signal drift0and dynamic range while I measures the actual signal in almost simultaneous measurements. The data points are collected and graphically displayed in blocks of 256 and then saved on a floppy disk. The software also includes extensive error messages and warnings to alert the operator to abnormalities in either data or system performance. All of these func tions occur without operator assistance for intervals of 10 hours or more, determined by the minimum period required to fill two floppy disks.
DATA TREATMENT
Transmissometer measurements are a measure of the attenuation of a light beam by entrained parti cles and may be used to derive the mass loading and mean size of an aerosol in the light beam (i. e. , log normal, Rossin Rammler, etc.).
The calculation of aerosol size and loading from transmission data requires Mie scattering theory and an assumed form of aerosol-size disrribution.
Based on further assump tions of nonabsorbing or partially absorbing spheri cal particles, a unique mean size and number density for an aerosol can be determined from transmissometer measurements at two wavelengths.
The attenuation of light by aerosols is des cribed by the well-known Beer-Lambert law
where I is the incident light intensity, I is the observe8 light intensity, x is the aerosol sample 
where k. and r. are the particle scattering cross section1and th� particle radius, respectively. The summation is over the total number of particles in the sampled volume.
The particle scattering cross section, k, is a function of the wavelength of the light and the refractive index (both real and imaginary) and struc ture of the particle. Rigorous solutions for light scattered by individual homogeneous spherical parti cles have been found by Mie (1908) but the laborious calculations required to use the Mie theory to deter mine the light scattering properties of an aerosol are not necessary unless very high accuracy or angular scattering properties are of interest.
For the present effort, calculations of the particle scattering cross section will be made using an approximation of van de Hulst (1957) and modified by Deirmendjian (1960) .
The approximation defines the particle scattering cross section, k, for nonabsorb ing spheres as
where D is the correction due to Deirmendjian, A is the wavelength of the incident radiation, and ri is the real index of the refraction of the aerosol. A more complex form of Equation (3) can be used to calculate the extinction of light by partially absorbing spheres.
The present effort does not con sider absorption by the aerosol.
An example of particle-scattering cross section as a function of particle diameter is shown in Figure 5 .
A continuous, aerosol-size distribution will be used to describe the aerosol, specifically, a log normal distribution of the form �2TC a r g exp -(ln r -ln r )2 m 2 a g where p(r) is the fraction of the population with radii between r and r + �r, a is the standard deviation of ln r, and r is fhe median value of the aerosol radius (EspeWscheid, 1964). Using Equations (2) and (5), the composite scattering coefficient becomes
where N is the number of scattering particles per unit volume and the summation is over all particle sizes. By using two discrete wavelengths of laser light and measuring their transmission attenuations simultaneously, Equation (6) will give two inde pendent equations with unknowns N and r . Equa tions (1) through (5) provide the basis m for solving the two simultaneous equations from Equation (6). Values of the wavelength of the incident light, A, the intensities of the incident, I , and trans mitted, I, light, and the transmis�ometer path length, x, are known or measured. Typical values of the refractive index, �' and the standard deviation, ag, of the particles should be available for specific applications. A sample data set gene rated in the laboratory is shown in Figure 6 . Ini tially, a 100 percent base line was allowed to establish itself and then a powder with a 1 micron median size was admitted into the sample chamber in a relatively high concentration. It is sig nificant to note that the 442 nm light is attenu ated significantly more than the 633 nm light at first and then the relative attenuation changes as the larger particles settle more rapidly in the chamber.
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Attenuation of 442 nm ('") and 633 nm (+)
laser light by a powder with a 1 micron median size.
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On-line particle concentration data may be generated by assuming that the median particle size is constant and in some cases that is a valid assumption. However, the two-color transmissometer can determine the median particle size as well as map the changes in median particle size with time. Because of Lhe complexity of the equations, the particle size information cannot be calculated in the time between measurements, but because the transmissometer system is storing the data in digi tal form, that information can be retrieved shortly afterwards.
SUMMARY AND CONCLUSIONS
An automated transmissometer has been designed and fabricated which provides self-compensating measurements of the attenuation of two colinear laser beams by a process stream. The two-color transmissometer includes provisions for remote alignment and the continuous recording of data on magnetic and hard copy storage.
Variations in laser intensity or detector sensitivity are auto matically compensated in the microprocessor controller/acquisition system through continuous sequential readings of background, reference, and transmitted intensity levels.
A technique is outlined that will allow determination of the median particle size and the particle concentration in the process stream from the measured attentuation of two laser beams. The bases of the simplified technique are the use of an approximation to Mie scattering theory, an assumed aerosol-size distribution (log normal) , and the assumption of nonabsorbing, spherical par ticles. The technique will be further evaluated through laboratory, bench-scale, and pilot plant application of the transmissometer.
